over the continental United States during the spring and winter seasons (not shown) suggests that the impact of the land is primarily a contemporaneous feedback and not the result of memory of the previous season's anomalies. We note that the observations do show substantial precipitation deficits to the north and east of the core region during spring, but similar anomalies are also obtained for some of the individual model runs, suggesting that the observed precipitation anomalies in the spring may not have been forced by SST anomalies.
We report on the experimental observation of spontaneously nucleated supershear rupture and on the visualization of sub-Rayleigh-to-supershear rupture transitions in frictionally held interfaces. The laboratory experiments mimic natural earthquakes. The results suggest that under certain conditions supershear rupture propagation can be facilitated during large earthquake events.
The surface-wave magnitude (M s ) 8.1 (M w 7.8) central Kunlunshan earthquake that occurred on 14 November 2001 was an extraordinary event from the point of view of dynamic rupture mechanics. The rupture occurred over a long, near-vertical, strike-slip fault segment of the active Kunlunshan fault and featured an exceptionally long (400 km) surface rupture zone and large surface slip displacements (1) . Modeling of the rupture speed history (2) suggests rupture speeds that are slower than the Rayleigh wave speed, c R , for the first 100 km, transitioning to supershear (speed higher than the shear wave speed, c S ) for the remaining 300 km of rupture growth. Other events, such as the 1979 Imperial Valley earthquake (3, 4) , the 1992 Landers earthquake (5) , the 1999 Izmit earthquake (6) , and the 2002 Denali earthquake (7), may also have featured supershear speeds. Supershear was also predicted theoretically (8, 9) and numerically (10, 11) . Even with these estimates and predictions at hand, the question of whether natural earthquake ruptures can propagate at supershear speeds is still a subject of active debate. In addition, the exact mechanism for transition of a spontaneously nucleated rupture from subRayleigh to supershear rupture speed is not clear. One answer to this question was provided by the two-dimensional BurridgeAndrews mechanism (BAM) (10) . Recent numerical investigations of frictional rupture have suggested alternative, asperitybased, three-dimensional mechanisms (12) (13) (14) . Whether and how supershear rupture occurs during earthquakes has important implications for seismic hazards, because the rupture speed influences the character of near-field ground motions.
To answer the above-stated questions, we conducted experiments that mimic the earthquake rupture processes. Our goal was to examine the physical plausibility and conditions under which supershear ruptures can be generated in a controlled laboratory environment. We studied spontaneously nucleated dynamic rupture events in incoherent, frictional interfaces held together by far-field tectonic loads. Thus, we departed from experimental work that addresses the supershear ruptures of coherent interfaces loaded by impact-induced stress waves (15, 16) .
An exploding wire-triggering mechanism (Fig. 1C) , which simulates a localized pressure release, was used to trigger the rupture (17) . This triggering mechanism is inspired by recent numerical work on rupture along frictional interfaces (18, 19) . Experimentally, it is a convenient way of triggering the system's full-field, high-speed diagnostics (Fig.  1A ) that would otherwise be unable to capture an event with a total duration of ϳ50 s.
More than 50 experiments, featuring a range of angles ␣ and far-field pressures P, were performed, and the symmetric bilateral rupture process histories were visualized in intervals of 2 s. Depending on P and ␣, rupture speeds that are either sub-Rayleigh or supershear were observed. The maximum shear stress field for an experiment with ␣ ϭ 25°and P ϭ 7 MPa ( Fig. 2A) shows that the speed of the rupture tip is very close to c R and follows closely behind the circular shear wave front that is emitted at the time of rupture nucleation. The same was found to be true for smaller angles and lower pressures. For an experiment with ␣ ϭ 25°and P ϭ 15 MPa (Fig. 2B) , the circular trace of the shear wave is also visible and is at the same location as in Fig. 2A . However, in front of this circle a supershear disturbance, featuring a Mach cone (pair of shear shock waves), is clearly visible. For this case, the sequences of images before 28 s have a similar form to the image displayed in Fig. 2B and reveal a disturbance that was nucleated as supershear. Its speed history, v(t), is determined independently by either the rupture length record or by measuring the angle, ␤, of the shear shocks with respect to the fault plane and with the use of the relation v ϭ c S /sin ␤. Its speed was 1970 m/s, which is close to the longitudinal wave speed c P . In previous experiments involving strong, coherent interfaces and stress wave loading, stable rupture speeds near ͌ 2c S were observed (15) . This apparent discrepancy can be explained by referring to the rupture velocity dependence on the available energy per unit crack advance within the supershear regime (16) . This energy attains a maximum value at speeds closer to ͌ 2c S for strong interfaces. For weaker interfaces, this maximum moves toward c P .
To visualize a transition within our field of view (100 mm), we kept ␣ ϭ 25°but reduced P to 9 MPa (Fig. 3, A to C) . The circular traces of P and S waves are visible, followed by a rupture propagating initially at c R (Fig. 3A) . A small secondary rupture appears in front of the main rupture and propagates slightly ahead of the S wave front (Fig.  3B) . The two ruptures coalesce, and the leading edge of the resulting rupture grows at a speed close to c P . The transition length L here is ϳ20 mm (Fig. 3D) .
The above transition phenomenon is comparable with BAM, which is described in (20 
Applying Eq. 1 to our experiments, the transition length is inversely proportional to the applied uniaxial pressure, P, as
We can compare our experiments to Andrews' theory (Fig. 4) . Although the theory qualitatively captures the trends of the experiments, the data exhibit a dependence on pressure stronger than P -1 . A natural way to modify Andrews' results is to introduce some microcontact physics and to thus consider the effect of pressure on d 0 . We first note that there exists a linear relation between a characteristic surface length (half-distance between contacting asperities, D) and the critical slip distance
, where c and M are constants} (22) . We then denote the normal stress applied on the fault as ( ϭ Pcos 2 ␣) and assume that the average radius of n contacting asperities, a 0 , is constant. As the pressure over a macroscopic contact area, A (equal to nD 2 ), is increased, n, as well as the real contact area, A r (equal to na 0 2 ), increase. By defining the hardness, H, as the ratio of the normal force N to A r (23) . By further using Eq. 2, a modified expression Fig. 1 . The diagnostics is photoelasticity combined with highspeed photography (up to 10 8 frames/s). The fault system is simulated by using two photoelastic plates (homalite-100, shear modulus G ϭ 1.4 GPa, Poisson's ration ϭ 0.35, density ϭ 1200 kg/m 3 ) held together by friction. The interface (fault) is inclined at an angle ␣ to the horizontal promoting strike-slip rupture events (A). The carefully prepared interface has a measured static coefficient of friction s ϭ 0.6; the dynamic coefficient of friction d is estimated by finding the critical ␣ of triggered events, which is between 10°and 15°, and hence d ϭ 0.2 is estimated. The farfield tectonic loading is simulated by uniaxial compression exerted at the top and bottom ends of the system by a hydraulic press (B). The dynamic rupture is nucleated at the center of the simulated fault by producing a local pressure pulse in a small area of the interface (17) . A thin wire of 0.1 mm in diameter is inserted in a small hole of the same size. An electronic condenser is then discharged, turning the metal into expanding plasma to provide the controllable pressure pulse (C). relating L to P emerges, featuring a stronger pressure dependence (L ␣ P -3/2 ). This modified relation, which agrees well with the experimental data (Fig. 4) , is given by
For seismic applications, we rewrite Eq. 1 in terms of the effective stress, e ϭ -f , as L ϭ f(s) ( 1 ϩ v)(1 ϩ s) Gd 0 / e . Application of this equation to both seismic faulting and to laboratory data allows us to scale L from laboratory to seismological conditions. The stress e in our experiments is chosen to be of the same order as that in seismology. The ratio of rigidity of the Earth's crust to homalite is 25. We estimate L ϭ 20 mm from the experiment where P ϭ 9 MPa, ␣ ϭ 25°, and d 0 ϭ 10 m (obtained with the use of Eq. 2). The values of d 0 for large earthquakes are often estimated as 50 cm to 1 m (24). Thus, if s is about the same under laboratory and crustal conditions, L for earthquakes can be estimated to be in the range between 25 and 50 km. Because s can be different and the estimate of d 0 for earthquakes is uncertain, this value should be taken as an order-of-magnitude estimate. Nevertheless, it is of the same order as that inferred for the Kunlunshan event (2) .
The large L required for supershear is one of the reasons why only a few earthquake events have been observed to feature supershear speeds. It suggests that in such cases the tectonic stress is fairly close to the static fault strength (i.e., small s), which has important implications for evolution of rupture in large earthquakes. tem is in equilibrium because the resolved shear traction along the fault is balanced by the static friction strength. After triggering, the expansion of the high-pressure plasma at the simulated hypocenter creates a pressure pulse that releases the local normal pressure of the interface, thus dropping the level of frictional resistance. The resultant net driving force then initiates bilateral slip along the fault. The slip and slip rate reduce the coefficient of friction (slip and/or slip rate weakening) and hence, for a large enough inclination angle ␣, the rupture is able to continue. (25, 26) . Such theories treat the rupture front as a distinct point (sharp tip crack) of stress singularity. Such conditions are closer to reality in cases that feature coherent interfaces of finite intrinsic strength and toughness. The singular approach ultimately predicts that dynamic shear fracture cannot propagate in the small interval between c R and c S and thus excludes the possibility of a smooth transition from sub-Rayleigh to supershear. The introduction of a distributed rupture process zone has allowed fracture mechanics to better approximate the conditions that exist during real earthquake events (21) and to describe mechanisms for a sub-Rayleigh rupture to enter the supershear regime. According to the two-dimensional BAM, a shear rupture accelerates to a speed very close to c R soon after its initiation. A peak in shear stress is found to propagate at the shear wave front and is observed to increase its magnitude as the main rupture speed approaches c R .
At that point, the shear stress peak may become strong enough to promote the nucleation of a secondary microrupture whose leading edge propagates at c P . Shortly thereafter, the two ruptures join up, and the combination propagates at c P . This transition was visualized by two-dimensional atomistic calculations of shear rupture in the microscale (27) . Fig. 3 . Visualization of the sub-Rayleigh-to-supershear rupture transition (␣ ϭ 25°and P ϭ 9 MPa). (A to C) were taken at 18 s, 30 s, and 38 s, respectively. In the rupture-tip history plot (D), we included lines corresponding to P, S, and Rayleigh waves as reference. 
